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In a theoretical study we investigate the electronic structure and the band gap of the inverse spinel
ferrite NiFe2O4. The experimental optical absorption spectrum is accurately reproduced by fitting
the Tran-Blaha parameter in the modified Becke-Johnson potential. The accuracy of the commonly
applied Tauc plot to find the optical gap is assessed based on the computed spectra and we find
that this approach can lead to a misinterpretation of the experimental data. The minimum gap of
NiFe2O4 is found to be a 1.53 eV wide indirect gap, which is located in the minority spin channel.
Today, DFT is the main tool to obtain the electronic
structure of solids.1,2 A long-standing problem of elec-
tronic structure theory is the description of transition
metal oxides. These exhibit strong electron-electron cor-
relation, which is not properly accounted for by the
density functional theory (DFT) with approximate local
functionals. Here we focus on NiFe2O4, a ferrimagnetic
inverse spinel ferrite,3,4 which poses an example of such
difficult to describe systems. Experimental investigations
mostly based on optical absorption on this material found
band gaps between 1.5 eV and 5 eV.5–13 Theoretical in-
vestigations on the electronic characteristics of bulk NFO
using a self-interaction-corrected local spin-density ap-
proximation (SIC-LSDA) approach,14 or by including a
Hubbard correction in terms of the DFT+U method15,16
have predicted a bandgap of around 1 eV. Sun et al. per-
formed band structure calculations using DFT+U and a
hybrid functional (HSE06).13 They obtained a bandgap
of 2.7 eV with HSE06 and 1.6 eV for the DFT+U com-
putations. Thus, there is still a lot of controversy on the
band structure and the gap of NiFe2O4.
The appropriate framework to discuss electron correla-
tions and band structures is the many-body perturbation
theory, e.g., within the GW approximation.17,18 Unfortu-
nately, this approach is computationally very expensive.
Tran and Blaha recently proposed an alternative, sim-
ilarly accurate and computationally cheaper method to
obtain the band gap directly as differences of Kohn-Sham
eigenvalues: they modified the Becke-Johnson exchange
potential19 with a parameter c, so that it reads20
vmBJx,σ (r) = cv
BR
x,σ(r) + (3c− 2)
1
pi
√
5
12
√
2tσ(r)
nσ(r)
, (1)
where nσ(r) is the spin-dependent electron density
and tσ(r) is the spin-dependent kinetic-energy density.
vBRx,σ(r) is the Becke-Roussel potential, which models the
Coulomb potential created by the exchange hole.21 Due
to the kinetic-energy dependent term in the mBJ po-
tential, it reproduces the step-structure and derivative
discontinuity of the effective exact exchange potential of
free atoms.22 The parameter c was proposed to be de-
termined self-consistently from the density and is related
to the dielectric response of the system.23,24 c increases
with the gap size and has a typical range of 1.1–1.7.20
The mBJ potential has been proposed to be combined
with LDA correlation (mBJLDA). Its particular merits
and limits have been reviewed by Koller et al.25
In recent publications, the performance of mBJLDA
for complete band structure calculations rather than just
band gap predictions has been discussed. For simple
semiconductors it was found that the band widths are too
small if c is adjusted to get the correct band gap.26 It is
also unsuitable to describe half-metals.27 However, mBJ-
LDA predicts the unoccupied band structure of NiO and
optical spectra of TiO2 with good accuracy.
28,29 In this
communication, we compare optical absorption spectra
of NiFe2O4 thin films with computational results using
the mBJLDA potential.
The calculations in this work are based on the full-
potential linearized augmented-plane-wave (FLAPW)
method and were done with the elk code.30 The mBJ
exchange potential is available through an interface to
the Libxc library.31 A 10 × 10 × 10 k-point mesh with
171 inequivalent points was used for the Brillouin zone
integration. The muffin-tin radii were set to 1.8 bohr
for the transition metals and 1.7 bohr for O. The mBJ
exchange potential was coupled with the Perdew-Wang
LDA correlation.32 We have used the experimental lat-
tice constant of a = 8.33 A˚,4 and relaxed the internal
atomic coordinates using the PBE functional.33 The di-
electric function was computed in the independent par-
ticle approximation. In the inverse spinel structure, the
transition metals sites surrounded by O tetrahedra are
occupied with Fe, while the octahedral sites are randomly
occupied with Fe and Ni. We have to use an an ordered
cell instead of the proper disordered unit cell in the calcu-
lation, so the symmetry is artificially reduced from Fd3¯m
to Imma. Thus, we take the observable macroscopic di-
electric function to be εM(ω) = 1/3Trεij(ω) to restore
the full symmetry. The spectra were broadened with an
80meV wide Lorentzian. The effect of excitons on the ab-
sorption spectrum was investigated with time-dependent
DFT (TDDFT) using the bootstrap kernel.34
In Fig. 1 a) we compare the experimental op-
tical absorption spectra of high-quality pulsed laser
deposited thin films of NiFe2O4 with our mBJLDA
calculation.13,35,36 The Tran-Blaha parameter c = 1.44
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FIG. 1. a): Optical absorption spectrum of a NiFe2O4 thin
film from Ref. 36 and mBJLDA calculated absorption spec-
trum. b): Comparison of mBJLDA and PBE+U calculated
absorption spectra. c): Comparison of noninteracting and
bootstrap TDDFT mBJLDA absorption spectra. The arrow
marks the mBJLDA calculated fundamental gap.
has been chosen such that the computed absorption spec-
trum matches the experimental spectrum between 2 and
2.5 eV. We note that the density-based c from the origi-
nal Tran-Blaha paper is just slightly smaller, cTB = 1.42.
The overall agreement between experiments and mBJ-
LDA calculation is remarkably good. The agreement is
remarkable in view of the fact that an accurate absorp-
tion spectrum requires a good description of both valence
and conduction states. However, some spectral weight
around 5 eV is missing in the calculation. The agree-
ment up to 4.5 eV is somewhat better than for a PBE+U
calculation, which we show in Fig. 1 b). Here, the Hub-
bard parameters37 have been chosen as UFe,Ni = 4.5 eV
and JFe,Ni = 0.9 eV. UFe governs the size of the gap;
changing it leads to a rigid shift of the absorption spec-
trum up to 5 eV. It was chosen to match the mBJLDA
gap. The choice of UNi is not critical and only leads to
modifications of the absorption spectrum above 5 eV. We
attribute the good reproduction of the absorption spec-
trum by mBJLDA to a more accurate description of the
O p states, which are more localized in the mBJLDA cal-
culation. While the PBE+U calculation only corrects the
transition metal d states (with respect to a plain PBE cal-
culation), mBJLDA allows for an improved description of
all electrons. This will be discussed in more detail later.
Bound excitons play no significant role for the optical
properties of NiFe2O4 as is shown in Fig. 1 c). In the
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FIG. 2. a): Tauc plot of (αE)0.5 for indirect gaps. b): Tauc
plot of (αE)2 for direct gaps.
TDDFT calculation, the absorption is enhanced by 20 to
40% (at odds with experiment), but the spectral features
do not shift to lower energies. Due to the small band gap,
the screening is strong: the ion-clamped static dielectric
constant is εmBJLDA
∞
= 5.4. Thus, no localized Frenkel
excitons are expected to show up, as is confirmed numer-
ically by the TDDFT calculation. While the bootstrap
kernel does well in describing Frenkel excitons, it fails
to describe the delocalized Wannier excitons.38 These,
however, are typically rather weak with binding ener-
gies of less than 0.1 eV for materials with similar gaps
and dielectric constants.39 As we will show later, due to
the particular localization of conduction band minimum
(CBM) and valence band maximum (VBM) states, also
the binding energies for Wannier excitons are expected
to be small.39
A common way to extract the indirect and direct gaps
from optical absorption spectra is the Tauc plot, which
is based on the assumption that the energy-dependent
absorption coefficient α(E) can be expressed as40,41
α(E)E = A
(
E − Edirectg
)0.5
+B
(
E − Eindirg ± Ephon
)2
(2)
with two parameters A and B, the indirect and direct
gaps Eg, and the phonon energy Ephon. Thus, straight
line segments in (αE)2 indicate direct gaps and straight
line segments in (αE)0.5 indicate indirect gaps. In Fig. 2
we show that particularly the (αE)0.5-plot does not indi-
cate an indirect gap in NiFe2O4: both the experimental
as well as the theoretical Tauc plot show identical straight
line segments. However, the theoretical Tauc plot can by
no means indicate indirect transitions, because these are
not included in the calculation. Furthermore, the com-
puted fundamental gap on which the theoretical spec-
trum is based is 1.53 eV, while the Tauc plots indicate an
indirect gap of about 1.65 eV.
Having established that mBJLDA provides a good de-
scription of the electronic structure of NiFe2O4, we go
into more detail. Table I summarizes the calculated mag-
netic spin moments and valence charges inside the muffin-
tin spheres. The data for Ni are in good agreement with
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FIG. 3. Site-projected density of states of NiFe2O4 obtained
from an optimized mBJLDA calculation. Majority states are
shown on positive, minority states are shown negative scale.
The energy is set to zero at the valence band maximum.
an ionic Ni2+ configuration. For Fe, the valence charges
are actually too large and the magnetic moments are too
small for the anticipated Fe3+ configuration.4 However, it
has been shown for Fe3O4 that the nominal Fe
3+ species
have a somewhat larger charge (lower oxidation state),
which agrees with our calculation for NiFe2O4.
42 A sub-
stantial amount of charge (8.84 e−/f.u.) is in the intersti-
tial region between the muffin-tin spheres and accounts
for the missing charge of the O2− ions. This number
is larger in the PBE+U calculation (9.63 e−/f.u.), indi-
cating the weaker localization of the O states discussed
earlier. In Fig. 3 we show the site-projected density of
states (DOS), which reveals that the fundamental gap is
in the minority states. The VBM is mostly composed
of Ni and O states and has a small exchange splitting
of 0.08 eV. This is in contrast to DFT+U and HSE06
calculations, which predict a significant exchange split-
ting of the VBM.13 Still, the overall shape of the DOS is
very similar to the HSE06 calculation. The conduction
states below 6 eV are composed of the transition metal d
states, which hybridize weakly with the O atoms. While
the states of the two Fe species have about the same en-
ergy, the Ni states are clearly set off. This leads to the dip
around 5 eV in the computed absorption spectra which
is much less pronounced in the experiment. Thus, the
unoccupied Ni d states are actually about 0.5 eV lower in
energy. Due to the different localization of VBM (mostly
on Ni and O) and CBM (mostly on Fe and O), electron-
hole pairs generated in photoabsorption are well sepa-
rated, which leads to a vanishing binding energy of Wan-
nier excitons.39 This spatial separation and correspond-
ingly small wavefunction overlap of the states defining the
band gap is also responsible for the tiny optical absorp-
tion below 2 eV, which makes the optical determination
of the fundamental gap difficult.
Fig. 4 displays the band structure plots calculated
with mBJLDA. The high-symmetry points R and T cor-
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FIG. 4. Band structure plots of NiFe2O4 calculated with
mBJLDA. The high-symmetry points R and T correspond
to the X point of the disordered unit cell of the inverse spinel
structure with full cubic symmetry.
respond to the X point of the cubic cell with full symme-
try. In the real, disordered case, the dispersion along the
Γ−X path will smear out and form intermediate states
defined by the Γ−R and Γ− T dispersions. The minor-
ity gap of NiFe2O4 is found to be a 1.53 eV wide indirect
gap between T and Γ. However, it is only 0.03 eV smaller
than the minimum direct gap in the minority states at
the T point and is thus expected to play no significant
role, particularly at room temperature. The minimum
gap of the majority states is a 2.26 eV wide direct gap at
Γ. The Tauc plot in Fig 2 b) indicates two direct gaps
at 2.35 eV and 2.8 eV. The first one could correspond to
the onset of majority absorption, but could equally well
be due to the onset of absorption into the second unoc-
cupied minority band. Moreover, there is no gap in the
band structure that could correspond to the 2.8 eV Tauc
gap. Thus, the (αE)2 Tauc plot erroneously assigns a
structure in the absorption spectrum to a gap, which in
fact has its origin in the particular features of the band
structure. Consequently, this type of plots is unsuitable
to determine the band gap of NiFe2O4 and its use may
have contributed to the broad range of experimental band
gaps found in the literature.
In conclusion we have shown that the mBJLDA po-
tential is well suited to describe the electronic struc-
ture of NiFe2O4. Based on the computed optical ab-
Ni Fe(Td) Fe(Oh) O(1) O(2)
m 1.75 -3.87 4.08 0.09 -0.01
nV 7.77 5.25 5.42 5.68 5.68
TABLE I. Magnetic spin moments m and valence charges nV
inside the muffin-tin spheres as calculated by mBJLDA for
the transition metals and the two O types.
4sorption spectrum we have shown that the commonly
applied Tauc plot is unsuitable to determine the band
gap of NiFe2O4 and that it can not correctly distinguish
between indirect and direct transitions in this material.
These findings exemplify that the Tauc plot can not in
general be straightforwardly applied to materials with
complex band structures and small overlap between the
states which define the gap.
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